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ABSTRACT
For various reasons, North American crop farmers are more likely

to practice limited-duration no-till than continuous no-till (NT). Little
is known about effects of short-term no-till (ST-NT) on organic C and
total N relative to NT and conventional-till systems. A field experi-
ment was initiated in 1980 to study the effects of NT, chisel plow (CP),
and moldboard plow in continuous corn (CC; Zeamays L.) and soy-
bean (Glycinemax. L.)–corn (SC) rotations on dark prairie soil. In
1996, the moldboard treatments were split into a ST-NT subplot and an
intermittently chisel-plowed (STI-CP) subplot that was chiseled only
before corn. In 2003, soil samples were taken incrementally to the 1.0-m
depth from NT, CP, ST-NT, and STI-CP plots. Soil C and N accumu-
lation was unaffected by rotation system at any depth interval. Tillage
treatments significantly affected soil C and N concentrations only in the
upper 50 cm. On an equivalent soil mass basis, C storage to 1.0 m after
24 yr totaled 151 Mg ha21 in continuous NT, but just 108 Mg ha21

in continuous CP. Short-term no-till and STI-CP systems resulted in
26 and 21 Mg ha21, respectively, more soil C than CP. Total N storage
was similar for NT and ST-NT systems, but was significantly lower
(4 Mg ha21 less) with CP. Our results suggest that the combination of
moldboard plowing (17 yr) followed by short-term (6–7 yr) no-till or in-
termittent chisel was generally superior to continuous chisel plowing
(24 yr) in soil C and N contents.

BENEFITS ASSOCIATED with long-term NT for soil or-
ganic C sequestration and total N accumulation can

be substantial (Dick et al., 1989). Several studies have
shown that conservation tillage (i.e., residue from pre-
vious crops cover at least 30% of the soil surface after
planting) practiced for extended periods of time, in-
creased soil organic C and N content of the surface soil
(Allmaras et al., 2000; Eghball et al., 1994; Dick, 1983).
However, the benefits of no-till vary with such factors as
location (McConkey et al., 2003), landscape position
(VandenBygaart et al., 2002), depth of sampling (Potter
et al., 1998, 1997; Karlen et al., 1994; Balesdent et al.,
1990), or cropping systems (Diekow et al., 2004; Duiker
and Lal, 1999; Lal et al., 1994).

No-till practices have been reported to maintain and
sometimes enhance soil aggregation (Mahboubi and
Lal, 1998), conserve soil moisture and increase infiltra-
tion in the presence of surface mulches (Diaz-Zorita
et al., 2004; Unger and Jones, 1994; Mahboubi et al.,
1993). In 2004, about 41% of all croplands in the USA
were under conservation tillage systems. Of the 41% of

croplands under conservation tillage, no-till accounted
for 23% or 62.4 million acres, up from 20% in 2002, and
17.5% in 2000 (CTIC, 2004).
Research reports about no-till’s benefit to soil proper-

ties are not unanimous. Powlson and Jenkinson (1981)
found no significant differences in organic C and total N
between no-till and moldboard plow in experiments
conducted for 5 to 10 yr. Campbell et al. (1996) reported
that increases in organic C storage in the 0- to 15-cm soil
depth were just 0 to 3 Mg ha21 11 to 12 yr after con-
version from conventional to no-tillage management
systems. Long-term no-till may also result in increased
bulk density (Chen et al., 1998) and higher incidence of
weed infestations (Kettler et al., 2000). In the fields used
for this study, Schreiber (1992) reported a significantly
higher number of giant foxtail (Setaria faberi) seeds in
the 0- to 2.5-cm soil depth when tillage was reduced from
conventional moldboard plowing to chiseling and to no-
till for a 10-yr period.
Although no-till management is widely adopted in

the Eastern Corn Belt, and in spite of reports of favor-
able economic returns of no-till especially for soybean
(Glycine max L.) production (Yin and Al-Kaisi, 2004),
cropland in long-term NT is limited (Hill, 1998). In prac-
tice, farmers often plow their no-till fields, albeit inter-
mittently, before a specific crop in rotation or to correct
perceived compaction, pest, or soil management pro-
blems that may result from long-term no-till (Pierce
et al., 1994). Little is known about the short-term changes
during transition between these management systems,
and about the persistence of soil organic C when no-till
fields are plowed intermittently (VandenBygaart and Kay,
2004; McCarty et al., 1998).
In the first year following a one-timemoldboard plow-

ing of prior no-till soils, Pierce et al. (1994) reported that
plowing did not eliminate stratification of chemical prop-
erties, but significantly reduced soil organic C and total
N in the surface 20 cm. However, 4 to 5 yr after plowing
differences in C and N contents between the plowed and
no-till were small and significant only at the 0- to 5-cm
depth interval. Similarly, in southern Ontario, Canada,
VandenBygaart and Kay (2004) found that a one-time
20-cm depth moldboard plowing of a 22-yr NT field
significantly reduced soil organic C concentrations in the
surface 5 cm, but the reduction in SOC was countered
by an increase at the lower depths 18 mo after plowing.
Therefore, when calculated on an equivalent mass basis
beyond the plow depth, there was no significant change
in soil organic C 18 mo after plowing in 3 of 4 soil types.
In Kentucky, Diaz-Zorita et al. (2004) found no sig-
nificant differences in organic C and total N contents
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between no-till and intermittently chisel-plowed soils
8 to 20 mo after plowing.

Rotational tillage is used on about 40% of the agri-
cultural fields in Indiana; typically, no-till soybean is
followed by intensive tillage for corn. However, there has
been little research designed to study the short and/or
long-term intermittent tillage effects on organic C storage
in theMidwest Corn Belt or elsewhere. In addition, these
studies were limited mostly to a one-time plowing event
and data were collected only to the surface 30 cm (Diaz-
Zorita et al., 2004; Pierce et al., 1994). Subsoil layers can
function as a C sink depending on the cropping system
(Swift, 2001) and the necessity to consider soil layers
below the plow depth (30 cm) in the assessment of man-
agement impact (intermittent tillage inclusive) on soil or-
ganic C has been emphasized by Mikhailova et al. (2000)
and supported by Diekow et al. (2004). The objectives of
this study therefore were to (i) determine the effects of
various short-term intermittent tillage systems on organic
C and total N relative to NTand chisel plow systems, and
(ii) evaluate the effects of these tillage systems and their
interaction with crop rotation on organic C and total N
distribution in the soil profile.

MATERIALS AND METHODS

Site Description and Experimental Design

This study was performed at the Purdue University Agron-
omy Center for Research and Education near West Lafayette,
IN. The soil is a poorly drained Chalmers silty clay loam (fine-
silty, mixed, superactive, mesic Typic Endoaquoll), but with
drainage tiles installed at 30 m spacing.

The experiment was established in 1980 with various tillage,
crop rotation, weed management, and cover crop treatments
in plots measuring 15 m wide and 90 m long. The experimental
design was a split–split plot with four replications. At the time
of establishment in 1980 whole plots were factorial combina-
tions of crop rotations and tillage and herbicide treatments
randomized in each rotation. Rotations consisted of CC (Zea
mays L.), continuous soybean, a 2-yr rotation of corn-soybean,
and a 3-yr rotation of corn-soybean-wheat (Triticum aestivum
L.). The tillage treatments were moldboard plow, chisel plow,
and no-till. Fall moldboard and fall chisel plowing were fol-
lowed by secondary spring tillage utilizing a field cultivator for
final seedbed preparation. In the no-till system the crop was
seeded directly into the previous crop residue with no soil
preparation. This system left most of the cover of the previous
crop residue on the surface. The whole plots and subplots
(three weed management treatments) have been described in
more detail by Schreiber (1992).

In the fall of 1996, the weed management and cover crop
treatments were discontinued and the experiment was rede-
signed to simulate tillage activity common to corn–soybean
rotation systems in the Midwest. Emphasis was focused on
rotation and tillage treatments whereby the tillage treatments
were randomized in rotations in a split-plot design replicated
three times. Here the moldboard plowed plots in both the CC
and SC rotations were converted to short-term intermittent
tillage systems. The plots were divided into two subplots where
one subplot was chisel plowed before corn (every year or
every 2 yr depending on the rotation system) but the other
subplot was left untilled for all crops in sequence (Table 1).
This resulted in four tillage treatments namely: continuous no-
till (NT), continuous chisel plow (CP), short-term no-till (ST-

NT), and short-term intermittent chisel plow (STI-CP). Thus,
for this experiment a split-plot design with three replications in
a randomized complete block layout was utilized. Whole plots
were crop rotation and tillage treatments were randomized in
each rotation.

Soil Sampling

Soil samples were taken from selected subplots that had the
highest rates of herbicides applied for weed control (1980–
1996) and also had no cover crops (1997–2003). Samples from
the tillage treatments in both the CC and SC rotations were
obtained mainly in the fall of 2003, after corn harvest but be-
fore primary tillage. A few deep soil cores for ST-NT in CC
rotation had to be taken in the spring of 2004 because the soil
was too wet at the time of sampling in the fall of 2003. This was
done after the soil was considered settled and before
secondary tillage operations. Samples were taken from three
sampling positions per plot using a hydraulically driven probe
mounted on a truck. At each sampling position, three cores
were taken to 1-m depth at 0- to 5-, 5- to 15-, 15- to 30-, 30- to
50-, 50- to 75-, and 75- to 100-cm intervals and made into com-
posites. The samples were air-dried and plant residues were
removed. The soil was coarsely ground with a soil hammer
mill, sieved through a 2-mm sieve, and then finely ground using
a Dyno-Crush 2 Grinder (Customs Laboratory Equipments,
Inc., FL).

Laboratory Analyses

Bulk Density and Fertility Variables

Bulk density determination for surface samples (0–5, 5–15,
and 15–30 cm) was performed by the core method on addi-
tional samples (three samples per plot) collected with a double-
cylinder, hammer-driven core sampler. These samples were col-
lected in the spring of 2004 before secondary tillage, but after
primary tillage operations (for the continuous CP and STI-CP
in CC rotation) in the fall of 2003. For the deeper depth soil
samples (30–50, 50–75, 75–100 cm) bulk density was deter-
mined using samples collected by the probe truck after deter-
mining their moisture contents. Selected fertility parameters
(pH, phosphorus, potassium, and cation exchange capacity)
were determined on subsamples taken from the air-dried and
sieved samples in a commercial laboratory (A& LGreat Lakes
Laboratories Inc. Fort Wayne, IN) after extraction with the
Mehlich-3 extractant (Mehlich, 1984).

Organic Carbon and Total Nitrogen

Organic C and total N concentrations were determined by
dry combustion analysis using Leco CHN 2000 (Leco Corp.,

Table 1. Abbreviations and description of the tillage and rotation
treatments used in this study.

Abbreviation Rotation Tillage description

NT Corn-corn (CC)/
soybean-corn (SC)

Continuous no-till from 1980
until 2003 (24 yr)

CP CC/SC Continuous chisel plow from
1980 until 2003 (24 yr)

ST-NT CC/SC Moldboard plow in 1980–1996
(17 yr), chisel plow in 1997
(1 yr), no-till in 1998–2003
(6 yr)

STI-CP† CC/SC Moldboard plow in 1980–1996
(17 yr), chisel plow in
1997–2003 (7 yr)

† Intermittent chisel plow was applied annually for CC rotation, and in
alternate years (1996, 1998, 2000, and 2002) for the SC rotation before the
respective corn crops.
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St. Joseph, MI). However, because the soils were formed from
calcareous parent materials, samples from the 50- to 75- and
75- to 100-cm depths were pretreated with excess amount of
0.1 M HCl to remove inorganic C before analysis. Since there
was no recent lime application on these plots and soil pH was
generally below 7.0, total C content was considered equal to
the organic C content. Organic C and total N were expressed
both as concentration (g C kg21 soil) and mass (Mg C ha21) to a
fixed depth increment. Ratios of C to N at individual depth in-
crements were calculated on an elemental atomic weight basis.

Treatment effects on soil C and N storage were compared
based on values expressed in equivalent mass because the con-
ventional methods (product of the concentration, soil bulk
density, and soil layer thickness) are believed to be inadequate
as they do not take into full consideration the influence of soil
mass on nutrient storage (Ellert and Bettany, 1995; Hooker
et al., 2005). On the other hand, the equivalent mass procedures
have been shown to recover greater C mass and are more sen-
sitive in detecting differences of C mass among treatments
(Ellert and Bettany, 1995; Ellert et al., 2002). Briefly, equivalent
mass of C and N was determined first by multiplying
concentrations in each depth increment at 0 to 5, 5 to 15, 15 to
30, 30 to 50, 50 to 75, and 75 to 100 cm by the corresponding
bulk density and depth thickness values as shown in Eq. [1]:

Melement 5 conc � rb �T � 10000 m2 ha21 � 0:001 Mgkg21 [1]

where Melement 5 C or N mass per unit area (Mg ha21); conc 5
nutrient concentration (kg Mg21); rb 5 bulk density (Mg m23);
andT5 thickness of soil layer (m). Total C andNmass was then
estimated by summing across the depth intervals to a 1-m depth.
Next, variable amounts of additional soil thickness (and
associated soil mass) were added to the less dense treatments
from the deeper depths to bring all samples to an equivalent
mass by scaling up or down against a designated equivalent
soil mass. Depending on the objectives, the choice of equivalent
soil mass may vary from the heaviest (Ellert and Bettany, 1995)
to the smallest soil mass (Wander et al., 1998), and to soil mass
averaged across treatments in multiple locations (Zan et al.,
2001).

Initial analysis of the data showed that bulk density was not
significantly different among the treatments; therefore tillage
treatments were averaged over rotations and used for further
analysis. Although bulk density values were not significantly
different, the equivalent mass procedure was still adopted as
the basis for C sequestration comparison among treatments
and the heaviest soil mass was designated the equivalent mass
to ensure maximum recovery of organic C mass stored under
the treatments. After averaging over rotations, the heaviest
soil mass was found to be 15 418 Mg ha21 (before averaging,
the heaviest mass was 15 586Mg ha21 under CP in SC rotation)
recovered under ST-NT and was designated the equivalent
mass. The additional thickness of soil needed to bring all sam-
ples to equivalent mass was then calculated as described in
Eq. [2]:

Tadd 5
(Msoil;equiv2Msoil;adj) 0:0001 ha m22

rb subsurface

[2]

where: Tadd 5 additional thickness of subsurface layer required
to attain the equivalent soil mass (m); Msoil, equiv 5 reference
equivalent soil mass (15 418Mg ha21);Msoil, adj 5 soil mass to be
adjusted (soil mass of the 75- to 100-cm depth interval);
and rb subsurface 5 bulk density of subsurface soil beneath the
depth interval to be adjusted. Here subsurface bulk density
(rb subsurface) was assumed to be similar to that of the 75- to
100-cm depth interval; therefore rb subsurface took on the bulk
density values of the 75- to 100-cm depth interval. This resulted

in added soil thickness that ranged from 0.0002 m in STI-CP
to 0.0162 m in NT. Lastly, the bulk density and concentrations
of the 75- to 100-cm depths were then used to estimate C and N
mass in the additional thickness for the NT, STI-CP, and CP
treatments and these were added to the C and N mass of the
75- to 100-cm interval and, subsequently, to the total mass re-
covered to a 1.0-m depth. Further information about equiva-
lent mass determination can be found in Ellert and Bettany
(1995) and Ellert et al. (2002).

Statistical Analysis

Statistical analysis of the data was performed using the
General Linear Model in SAS (SAS Institute, 2002) with ro-
tation as main plots and tillage as subplots. First, the data was
analyzed separately to determine if significant differences ex-
isted between the yearly and alternate-year chisel plow treat-
ments (recall that STI-CP was applied every year for CC and
every alternate year for SC rotation). Next, the data was fur-
ther analyzed to determine if a significant difference existed
between the rotation systems (rotation effect). These analyses
indicated there was no significant difference between STI-CP
applied every year or every alternate year, and between rota-
tions. Thereafter, rotation effects were combined by averaging
tillage treatment effects by depth intervals over rotations and
further analyzed simply as NT, ST-NT, STI-CP, and CP treat-
ments. Mass of C and N (on equivalent mass basis) stored in
the surface 100 cm for each tillage treatment was calculated
by summing C and N in each depth interval to a 1-m soil depth.
The data were analyzed by analysis of variance (ANOVA)
using the PROC GLM procedure. Treatment means were sep-
arated using least significant difference (LSD) and the effects
of tillage on C and N sequestration and their vertical distri-
bution was evaluated at the 5% level of probability (a 5 0.05).

RESULTS AND DISCUSSION
Soil Fertility Characteristics, Organic Carbon,

and Total Nitrogen Concentrations
Selected soil fertility characteristics in the 0- to 5-, 5-

to 15-, and 15- to 30-cm depth intervals are shown in
Table 2. As anticipated, available P and exchangeable
K decreased with increasing soil depth (not all depths
are shown). However, the decrease was rapid between
the 0- to 5- and 5- to 15-cm depth intervals, and more

Table 2. Measured soil fertility characteristics in continuous no-
till (NT), short-term no-till (ST-NT), intermittent chisel plow
(STI-CP), and continuous chisel plow (CP) in the 0- to 5-, 5- to
15-, and 15- to 30-cm depth increments.

Soil fertility characteristics

Treatment Depth pH P K CEC

cm mg kg21 Cmol kg21

NT 0–5 6.2 65* 253 19.8
5–15 6.6 36 136 19.4

15–30 6.0 18 117 20.0
ST-NT 0–5 6.7 48 232 19.6

5–15 6.1 33 135 21.2
15–30 6.3 16 123 20.8

STI-CP 0–5 7.1 41 257 18.5
5–15 6.7 25 154 19.3

15–30 6.8 13 109 20.9
CP 0–5 6.9 32 216 15.7*

5–15 6.4 26 141 16.9
15–30 6.4 10 126 17.9*

* Significantly different from other tillage treatments at the alpha5 0.05 at
the specified depth interval.
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pronounced for available P than for exchangeable K
beyond these depth intervals. In the 0- to 5-cm depth
interval, NT significantly increased available P concen-
tration more than ST-NT, STI-CP, and CP. In general,
the magnitude of available P, exchangeable K, and CEC
were in the order: NT . ST-NT . STI-CP . CP. How-
ever, both P and K concentrations were well above the
accepted critical levels recommended for these soils
(Vitosh et al., 1995); therefore, these nutrients were not
expected to impair relative crop biomass production in
any tillage system.

The general effects of tillage, rotation, and their in-
teraction on soil C and N (on concentration and mass
bases) are presented in Table 3. Tillage effects were sig-
nificant for C and Nmostly in the 0- to 5-, 5- to 15-, 15- to
30- and 30- to 50-cm depth intervals, while significant
rotation effects were restricted to total N and only in the
50- to 75- and 75- to 100-cm depth increments. In gen-
eral, there was no tillage by rotation interaction effects
except for organic C in the 5- to 15-cm depth (on con-
centration basis) and in the 15- to 30-cm depth interval
(on mass basis).

Concentrations of C and N were slightly higher in CC
than in SC rotation in the 0- to 5-cm interval (Table 4).
In general, soil C concentrations were not significantly
altered by rotations; in that respect our results were
similar to those of Yang and Kay (2001). However, CC
significantly increased N relative to SC rotation in the
50- to 75- and 75- to 100-cm depths. Similarly, significant
rotation differences in the C/N ratios were observed
only at the 50- to 75- and 75- to 100-cm depth intervals.

The quantity of corn residues returned to soil is con-
sidered to be a major factor affecting the resultant soil C
concentration (Barber, 1979). Therefore, C was expected
to be higher in CC relative to SC rotation due to the

relatively greater amounts of biomass expected to be
produced and returned annually to soil. However, higher
soil C and N due to higher residue input of legume-based
cropping systems relative to cereal-based cropping sys-
tems have been reported (Diekow et al., 2004; Wilhelm
andWortmann, 2004). Similarly, Wilhelm andWortmann
(2004) suggested that corn stover additions were higher
for the corn year in the rotation cycle versus the cor-
responding CC treatments. The absence of significant
differences in C andN concentrations of CC versus corn–
soybean rotation in our research was probably due to
higher corn residues produced in the corn year of the
corn–soybean rotation relative to smaller quantities in
CC. Furthermore, the amount of crop residues returned
to soils in general may be proportional to grain yields
(Raimbault and Vyn, 1991). Greater corn grain yields
(and, by implication, greater biomass) in rotation versus
continuous cropping have been reported in rotation ex-
periments on a similar soil in Indiana (West et al., 1996),
although it is of interest that Schreiber (1992) reported
no significant differences in corn yield among CC, SC,
and soybean–wheat–corn rotations for these fields be-
tween 1982 and 1990.

Tillage system effects on C and N concentrations are
shown in Table 5. Carbon and N concentrations were
generally higher in the top 0- to 5-cm depth interval, and
generally decreased with depth in all tillage systems.
However, the rate of decline was highest for NT rela-
tive to ST-NT and STI-CP, and was least for CP, which
was an indication of reduced stratification due to till-
age. Among tillage systems, the magnitude of C and N

Table 3. Statistical analyses of tillage, rotation, and tillage 3 rota-
tion interaction effects on organic C and total N based on con-
centration and mass at various depth increments.

P . F

Source Organic C Total N Organic C Total N

(Concentration basis) (Mass basis)
0–5 cm
Rotation 0.4450 0.2675 0.5839 0.8631
Tillage 0.0033 0.0270 0.0544 0.0590
Rotation 3 tillage 0.8822 0.9845 0.9618 0.6224
5–15 cm
Rotation 0.1724 0.8302 0.8799 0.7619
Tillage 0.0563 0.6372 0.3712 0.3063
Rotation 3 tillage 0.0158 0.8545 0.5833 0.8962
15–30 cm
Rotation 0.3205 0.4452 0.3788 0.6082
Tillage 0.0075 0.0591 0.0064 0.1645
Rotation 3 tillage 0.0985 0.7774 0.0528 0.6330
30–50 cm
Rotation 0.4137 0.7892 0.9410 0.9884
Tillage 0.0018 0.0336 0.0341 0.0844
Rotation 3 tillage 0.1686 0.4941 0.8021 0.7759
50–75 cm
Rotation 0.8833 0.0088 0.6559 0.0015
Tillage 0.1341 0.2474 0.4076 0.1329
Rotation 3 tillage 0.9207 0.3397 0.9946 0.0943
75–100 cm
Rotation 0.4667 0.0076 0.4042 0.0007
Tillage 0.3904 0.2699 0.3144 0.1546
Rotation 3 tillage 0.2129 0.3174 0.3861 0.2417

Table 4. Rotation effects on C and N concentrations, and C/N
ratios in different depth increments to 1-m depth.

Soil depth, cm

Rotation 0–5 5–15 15–30 30–50 50–75 75–100

Organic C, g kg21

Corn-corn 29.5a 21.5a 15.5a 7.5a 3.7a 2.8a
Bean-corn 27.8a 24.0a 17.0a 8.1a 3.8a 2.6a

Total N, g kg21

Corn-corn 2.2a 1.7a 1.0a 3.9a 0.2a 0.1a
Bean-corn 1.9a 1.6a 1.1a 4.1a 0.1b 0.02b

C/N ratio
Corn-corn 16.4a 15.6a 18.3a 28.3a 24.30a 37.5a
Bean-corn 17.4a 16.7a 18.3a 22.6a 55.5b 120.0b

Rotations that are followed by the same letters within depth intervals are
not significantly different at P 5 0.05.

Table 5. Effects of continuous no-till (NT), short-term no-till
(ST-NT), intermittent chisel plow (STI-CP), and continuous
chisel plow (CP) on organic C and total N concentrations in
different depth increments to 1-m depth.

Tillage systems

Depth NT ST-NT STI-CP CP NT ST-NT STI-CP CP

cm OrganicC, g kg21 Total N, g kg21

0–5 35.9 a 28.3 b 27.0 b 23.0 b 2.6 a 2.0 b 2.0 b 1.6 b
5–15 23.4 a 22.3 a 21.4 a 20.2 a 1.8 a 1.7 a 1.6 a 1.5 a
15–30 18.5 a 16.5 a 15.9 a 12.2 b 1.3 a 1.2 a 1.0 ab 0.8 b
30–50 9.6 a 7.7 ab 7.3 ab 5.8 b 0.6 a 0.5 a 0.3 b 0.3 b
50–75 4.2 a 3.7 a 3.7 a 3.1 a 0.2 a 0.2 a 0.2 a 0.1 a
75–100 2.9 a 2.8 a 2.6 a 2.6 a 0.09 a 0.09 a 0.04 a 0.04 a

Tillage treatments that are followed by the same letters within depth
increments are not significantly different at P 5 0.05.
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concentration was in the order: NT. ST-NT. STI-CP.
CP. Continuous no-till consistently increased C concen-
trations more than CP (P , 0.024) in all but the 75- to
100-cm depth interval, and increased C more than ST-NT
and STI-CP in the top 50-cm depths. In contrast, NT
significantly increased N concentrations relative to STI-
CP and CP only in the 0- to 5- and 30- to 50-cm inter-
vals. Similarly, soil C and N concentrations were slightly
higher in ST-NT and STI-CP than CP at all depth inter-
vals. Consistent with Reicosky (1997) and Reicosky et al.
(1997), the higher C concentrations in NT, ST-NT, and
STI-CP systems over CP suggested that more crop resi-
due was proportionately transformed into soil C when
soil was not tilled or that the minimal soil disturbance
in no-till reduced mineralization rates and loss of or-
ganic C.

Bulk Density, Organic Carbon, and Nitrogen Mass
Bulk density values were lowest near the surface but

generally increased as soil depth increased (Table 6),
and ranged from 1.11 to 1.18 Mg m23 in the 0- to 5-m
depth interval. Tillage effects were not consistent and
were generally not significant at any depth interval.
However, bulk density for CP was smaller than for NT in
the top 30-cm depth, which was due to the probable
loosening effect of chisel plowing. Inconsistent effects of
tillage on bulk density have been widely reported in the
literature. For example, Wander et al. (1998) and Pierce
et al. (1994) reported greater bulk density under no-till
relative to conventional tillage. In contrast, Diaz-Zorita
et al. (2004) found no significant difference in bulk den-
sity of NT and intermittent plowing. Similarly, Yang
and Kay (2000) found no difference in bulk density of
reduced tillage, chisel, and moldboard plow treatments.

Soil masses to the 1-m depth on a unit area basis were
only slightly different among treatments (on average:
ST-NT 5 15 418; CP 5 15 415; STI-CP 5 15 393; and
NT 5 15 156 Mg ha21) and organic C and N calculated
on equivalent soil mass basis to the 1-m depth resulted
in an insignificant change relative to the respective
masses of C and N calculated to a consistent depth basis.
However, mass of C and N was reported on equivalent
mass basis because it reflected more appropriately the
management-induced variation in soil mass that was
associated with the treatments (Hooker et al., 2005; Ellert
et al., 2002).
Most of the soil C mass was stored in depth intervals

between 0 and 50 cm (Table 7). Soil C storage at greater
depths (75–100 cm) was approximately 11 Mg ha21; the
latter confirms the relative importance of acknowledg-
ing the C sink potential at these deeper depths (Diekow
et al., 2004; Swift, 2001). In general, C sequestration was
consistently greatest in NT and smallest for CP at all
depth intervals. Averaged to a 1-m depth, the equivalent
mass of C accumulated ranged approximately between
107.8 and 150.5 Mg ha21 (calculated to fixed depth:
CP 5 107.8 and NT 5 150.4 Mg ha21) and C mass de-
creased in the order: NT . ST-NT . STI-CP . CP.
Similarly, cumulative N mass (calculated to 1-m depth)
was 6.1, 7.5, 8.9, and 9.8 Mg ha21 respectively, for CP,
STI-CP, ST-NT, and NT, respectively.
In general, C and N accumulated to the 1-m depth

under NT was clearly superior to CP but was not sta-
tistically different from ST-NT and STI-CP systems. In
similar studies in Kentucky, Diaz-Zorita et al. (2004)
found no significant difference in organic C contents 8 to
20 mo after no-till soils were intermittently plowed.
Pierce et al. (1994) and Kettler et al. (2000) reported
that a one-time plowing of no-till soils resulted in a re-
distribution of soil organic C in the top 15 to 30 cm but
did not result to a significant change in soil organic C
storage 4 to 5 yr after plowing. Pierce et al. (1994) at-
tributed the inability to observe a significant change to
annual variability of soil organic C that appeared to
override any effects of the single tillage event. Vanden-
Bygaart and Kay (2004) also reported that the single
moldboard tillage event of a 22-yr no-till field in South-
ern Ontario homogenized the organic C through the
profile and reduced stratification but resulted in no
overall significant change of organic C within a 50-cm
sampling depth, 18 mo after plowing.

Table 6. Effects of continuous no-till (NT), short-term no-till (ST-
NT), intermittent chisel plow (STI-CP), and continuous chisel
plow (CP) on soil bulk density in different depth increments.

Tillage treatment

Depth, cm NT ST-NT STI-CP CP

Bulk density (Mg m23)
0–5 1.12 1.18 1.17 1.11
5–15 1.42 1.40 1.38 1.36
15–30 1.43 1.43 1.47 1.43
30–50 1.53 1.56 1.55 1.54
50–75 1.57 1.60 1.64 1.63
75–100 1.62 1.67 1.61 1.68

Table 7. Organic C and total N mass (on equivalent mass basis) as affected by continuous no-till, short-term no-till, intermittent chisel plow,
and continuous chisel plow in different depth increments, and averaged to 1 m depth.

Tillage systems

Depth NT ST-NT STI-CP CP NT ST-NT STI-CP CP

cm Organic C (Mg ha21) Total N (Mg ha21)
0–5 20.1a 16.7ab 15.8ab 12.7b 1.4a 1.2ab 1.2ab 0.9b
5–15 33.2a 31.2a 29.5a 27.4a 2.6a 2.4a 2.2a 2.0a
15–30 39.6a 35.4 a 35.1a 26.2b 2.8a 2.6ab 2.2ab 1.7b
30–50 29.5a 24.0ab 22.6b 17.8b 1.8ab 1.6b 0.9a 0.9b
50–75 16.4a 14.8a 15.1a 12.6a 0.8ab 0.8a 0.8ab 0.4b
75–100 11.7a 11.7a 10.5a 10.9a 0.4a 0.4a 0.2ab 0.2ab
Profile (0–100) cm) 150.5a 133.8ab 128.6ab 107.8b 9.8a 8.9a 7.5ab 6.1b

Tillage treatments that are followed by the same letters within depth intervals are not significantly different at P 5 0.05.
NT 5 continuous no-till; ST-NT 5 short-term no-till; STI-CP 5 intermittent chisel plow; and CP 5 continuous chisel plow.
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Our results clearly showed that 24 yr of NTresulted in
higher C and N content than 24 yr of CP on an equiv-
alent soil mass basis (43 Mg ha21 more organic C and
3.7 Mg ha21 more total N). In that respect, the long-term
NT advantage was consistent with the results of
McConkey et al. (2003), Duiker and Lal (1999), and
Wander et al. (1998). However, ST-NT (17 yr of mold-
board plow, 1 yr in chisel + 6–7 yr in no-till) also resulted
in a similar organic C storage as 24 yr of NT. The fact
that ST-NT (just 6–7 yr after initiation) resulted in
higher soil organic C and N concentrations relative to
STI-CP and CP treatments was an affirmation that even
short-duration no-till may be beneficial to C accumula-
tion. The small soil C gained with STI-CP over CP was
attributed to the influence of the previous moldboard
plow treatment applied to both intermittent tillage sys-
tems. Moldboard plowing frequently turns the residues
down to the depth of plowing, while chisel plow distri-
butes residuesmore evenly throughout at least the upper
half of the shank depth to which soil is disturbed. Thus,
chisel plowing may cause residues to be more exposed to
accelerated soil organic C oxidization and losses (Paul
and Clark, 1996; Curtin et al., 2000; Morris et al., 2004).
In fact, Yang and Kay (2000) reported a similar trend
where less organic C was found in the 10- to 20-cm depth
of chisel-plowed than moldboard-plowed soils.

CONCLUSIONS
The effects of intermittent tillage (ST-NT and chisel)

relative to NT and CP on organic C and total N accu-
mulation were studied in CC and SC rotations. Soil C
sequestration was not affected by rotation at any depth
interval, but rotation had significant effects on N accu-
mulation at deeper depths (50–100 cm). Tillage systems
significantly altered the content and distribution of C
and N in the profile. In the surface 0- to 5-cm interval,
organic C and N accumulation associated with tillage
treatments were in the order: NT. ST-NT. STI-CP.
CP. Cumulative organic C (equivalent mass basis) to a
1-m sampling depth by NTwas about 11% more than in
ST-NT, 15% more than STI-CP, and 28% more than
CP. After 17 yr of moldboard plow, the establishment of
ST-NT and STI-CP systems resulted in soil C mass
about 26 and 21 Mg ha21, respectively, more than that
in the continuous CP treatment. This suggested that
long-term chisel plowing could be more detrimental
and result in greater loss of soil C than either STI-CP or
no-till imposed after moldboard plowing. Short-term
intermittent chisel plow (i.e., STI-CP) systems were not
significantly different in either C or N storage from NT
or CP, but more data are needed to evaluate long-term
intermittent tillage effects on organic C sequestration
and soil quality.
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